INTRODUCTION
Heat and moisture transfer in porous media are common phenomena with wide applications in engineering fields, such as civil engineering, energy conservation, textiles, and functional garment design [1] . Field study and research performed during the past 10 years have demonstrated that the presence of moisture in textiles significantly affects the performance of textiles and garments [2, 3, 4, 5, 6] . In developing thermal protective clothing materials, such as firefighter garments, researchers have traditionally focused on heat transfer in dry conditions. However, moisture transport in fabrics and its effect on the protective performance of the garment have not been studied in sufficient detail. Textile fabric can be treated as a porous medium. Heat and mass transport in wet porous media are coupled in a complicated way. Energy transport in such a medium occurs by radiation and conduction in all phases as well as by convection within the liquid and gas phases. There are many models for analyzing multiphase transport in porous media. Vafai and Sözen summarized and compared these models [7] . Gibson's model described fabrics subjected to intensive heat [8] . Gibson 
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JOSE 2008, Vol. 14, No. 1 analyzed multiphase transport in hygroscopic porous textiles. However, Gibson's model did not consider radiation heat transfer within the fabric layer. Torvi developed a one-dimensional transient heat transfer model, which accounts for the penetrating radiative heat transfer through a fabric [9] . In this research, a model that couples heat and moisture transport for multilayer protective fabrics under flash fire conditions is introduced and the effect of heat and moisture transport on the performance of thermal protective clothing is analyzed. Figure 1 illustrates a multilayer protective fabric system exposed to a high-intensity flash fire. This garment system consists of three different fabric layers, i.e., an outer shell, a moisture barrier, and a thermal liner, respectively, from the exterior to the interior of the clothing ensemble. An air gap between the inner layer of the fabric and the heat flux sensor is introduced.
MATHEMATICAL MODEL FORMULATION

Heat and Moisture Transport in Textile Material
Textile fabrics can be modeled as hygroscopic porous media. The porous textile material is a mixture of a solid phase consisting of solid fibers and bound water absorbed by a solid polymer matrix, and a gaseous phase consisting of water vapor and dry air. A schematic diagram of the structure of a porous textile is demonstrated in Figure 2 . Gibson [8] developed a set of equations for modeling heat and mass transfer through textile materials by applying Whitaker's [10] theory of coupled heat and mass transfer through porous media. Torvi's model assumed that convective heat flux only applied to the surface of the fabric but radiative heat flux could penetrate through the fabric up to a certain depth [9] . Morton and Hearle gave definitions of the physical properties of the fabric [11] . The convective heat transfer in the air gap between the fabric and the sensor was simulated as natural convection in a horizontal enclosure, which was heated from below [12] . Based on those assumptions, the energy balance in the infinitesimal element of the fabric can be formulated in the form of a differential equation. A partial differential equation is developed for temperature distribution in a composite fabric layer by combining Gibson's and Torvi's models. Therefore, the energy equation is modeled on Gibson's model and penetrating radiation, a term described by Torvi's model. Thermal properties of all phases are accounted for in the model based on the relations given by Gibson. Radiative heat transfer in the fabric is accounted for by introducing in the energy equation a source term similar to that in Torvi's model. Gas phase convection contributions caused by pressure differences, which can arise either due to body movement or due to external air movement, are neglected. Moreover, it is assumed that if there is any extra liquid sweat which builds up on the surface of the sensor (skin), it will either drip off or wick into the fabric and then it will be absorbed by the fabric fibers and become bound water. In other words, free liquid water exists neither on the surface of the sensor nor in the fabric layer. The energy equation can be formulated as (1) where ρ-effective density of the fabric, c p -effective specific heat of the fabric, T-temperature, t-time, ∆h l -enthalpy of transition per unit mass from bound water to free liquid water, ∆h vap -enthalpy of evaporation per unit mass, -mass flux of vapor out of the fiber (or into the fiber if is negative), x-linear vertical co-ordinate, k eff -effective thermal conductivity of the fabric, γ-extinction coefficient of the fabric, and -incident Torvi [9] the radiation and convection heat fluxes from the flame to the fabric are (8) where h c,fl -convective heat transfer coefficient between the flame and the outer surface of the fabric. The heat flux by radiation from the fabric to the sensor across the air gap is (9) where -emissivity of the sensor. Torvi also gives the heat flux by conduction/convection from the fabric to the sensor across the air gap: (10) where h c,gap -convective heat transfer coefficient of the air due to conduction and natural convection in the air gap, which is (11) where Nu-Nusselt number; k air (T)-thermal conductivity of the air, which is a function of T only; and L gap -thickness of the air gap [9] .
Heat Transfer Into the Sensor
The heat flux, which applies to a sensor, is determined from a test temperature sensor on the basis of a lumped heat capacity analysis of the insulated copper sensor. The heat flux is modeled as (12) where m sens -density of the sensor, (c p ) sensspecific heat of the sensor, and A sens -surface area of the sensor.
Boundary conditions for the sensor:
with-air-gap configuration; ( )
out-air-gap configuration;
with-air-gap configuration; ( ) 
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radiation heat flux from the flame onto the fabric. Chitrphiromsri and Kuznetsov provide details on the development of the model and its relevant parameters [13] . The solid phase continuity equation can be described as (2) The gas phase diffusivity equation can be written as (3) where D eff -effective diffusivity of the gas phase in the fabric, which is defined [8] from (4) where D a -diffusivity of water vapor in the air and τ-fabric tortuosity.
Boundary conditions for the fabric:
where -convective heat flux from the flame to the fabric, -heat flux by radiation from the fabric to the sensor across the air gap, -heat flux by conduction/convection from the fabric to the sensor across the air gap, h i -interfacial conductance between the inner surface of the fabric and the sensor, -temperature on the inside surface of the fabric, T sens -temperature on the surface of the sensor, h m -convective mass transfer coefficient, 
Natural Convection in the Air Gap Between the Fabric and the Sensor
For modeling the thermal response of thermal protective clothing exposed to a flash fire in thermal protective performance (TPP) tests, convective heat transfer in the air gap between the fabric and the sensor is simulated as natural convection in a horizontal enclosure heated from below. Hollands, Unny, Raithby, and Konicek [12] presented the correlation for air in a horizontal enclosure heated from below:
The notation [ ]° indicates that if the argument in the square brackets is negative, the quantity should be taken as zero.
Numerical Procedure
The finite volume method is adopted to solve the differential equations, which are the energy equation for the fabric, the solid phase continuity equation, the gas phase diffusivity equation, and the heat transfer equation for the sensor [14, 15] . The Crank-Nicholson scheme is applied to discretize the transient partial differential equations. Due to nonlinearities in this system, the Gauss-Seidel point-by-point iterative scheme is employed to solve these equations. To avoid divergence of the iteration method, the underrelaxation procedure is utilized. The value of the under-relaxation parameter is 0.8. The solution procedure is as follows: all variables are known at the initial state, then the program progresses in given time increments. The variables at the previous time step are used as guessed values for the variables at the current time step. The new values of variables are computed by visiting each grid point in a certain order. Then the iterations are repeated until the changes in the solutions become smaller than 10 
Determination of Fabric Thickness
Fabric thickness is evaluated by performing measurements with the Kawabata instrument. Thickness change depends on the applied load.
Nominal fabric thickness is chosen at the pressure of 10 gf/cm 2 .
MODEL VALIDATION
To compare the prediction based on the model with experimental data, different fabric systems, from one-and two-to multilayer systems, were selected and tested in different configurations. The multilayer system consisted of three different fabric layers: an outer shell, a moisture barrier, and a thermal liner, from the exterior to the interior of clothing ensembles, respectively. The two-layer system included an outer shell and a moisture barrier, and the one-layer system consisted of a shell only. These fabric systems were exposed to a high-intensity flash fire simulation in a TPP [16] test configuration as shown in Figure 1 . Kombat™ (60/40 Kevlar®/ polybenzimidazole [PBI] blend) was the shell fabric of the garment system, ComfortZone™ (flame retardant polyurethane film on Basofil®/ Aramid blend spunlace) was the moisture barrier, and Aralite (Aramid batt quilted to Nomex®) was the thermal liner. The tests were performed under two test configurations: with and without an air gap. Nominal thickness of the air gap (0.00635 m; 1/4 in.) was adopted for the TPP test. Table 1 shows the thermophysical/ geometrical properties of the fabric utilized in the computations. Table 2 lists the radiation parameters used in the computations [9] . Table 3 gives the thermophysical/geometrical properties of the TPP sensor. Table 4 details the thermal properties of the flame and the ambient air, and the initial data of the fabric and the air gap. Figures 3 and 4 show the comparisons of computational and experimental results of temperature histories on the surface of the sensor for the one-layer shell fabric with and without an air gap, respectively. Six-second exposure was applied to the test configuration with an air gap and 3-s exposure to the one without an air gap. Overall agreement can be observed from these comparisons of model prediction and experimental results. However, in Figure 4 (the configuration without an air gap) the temperature rise predicted by the model is relatively lower Figure 5 (with an air gap) and Figure 6 (without The effect of the moisture barrier layer, like in the two-layer system, was minimized in the multilayer system as a result of the addition of a thicker thermal insulation layer. The exposure times for these fabric systems were selected on the basis of the estimation of energy transferred through a fabric system and air layers that could cause seconddegree burn. 
G. SONG ET AL.
JOSE 2008, Vol. 14, No. 1
MODEL APPLICATION
Temperature and Moisture Distribution
Predictions from the established model are performed for the duration of 4-s exposure to a flash fire, with an introduction of an air gap. The air gap is 0.00635 m (1/4 in.) long. To examine the heat and moisture transfer feature during the cooling period (postexposure), computations continue until 60 s after the end of exposure. The temperature of the hot gas and the ambient temperature gradually decrease after 4 s of burning [17] . From the expression for the Nusselt number, natural convection will contribute to heat transfer across the enclosure when the Rayleigh number, Ra, is greater than 1 708. The maximum Rayleigh number, for all computed cases of the TPP test was 1 123. Therefore, for the case computed in this paper, Ra is always smaller than 1 708, which means that natural convection is negligible. Therefore, radiation and conduction heat transfer will dominate heat transfer mechanisms across the air gap. Figure 9 describes temperature distribution predicted by the numerical model in a multilayer fabric, the air gap, and the sensor at different moments of time. Distance in Figure 9 represents the thickness of the fabric composite (0-2.95 mm) and the size of the air gap (2.95-9.20 mm). The end of the distance, at 9.20 mm, represents the surface of the sensor. During 4-s exposure, the surface temperature of the fabric of the outer shell rises fast, from room temperature to more than 400 °C, and maximum temperature can be observed at the outer surface of the fabric at ~4 s. After exposure, surface temperature falls slowly and in ~60 s surface temperature drops back to a point that is very close to room temperature. In comparison to the temperature on the outer surface of the fabric, the temperature on the inner surface of the fabric increases slowly and maximum temperature is predicted at ~10 s in 4-s exposure to flash fire. This phenomenon indicates that energy stored during exposure moves towards the back of the fabric layers during the postexposure period. A significant temperature difference is predicted between the inner layer of the fabric and the surface of the sensor. Figure 10 depicts distribution of relative humidity in the fabric (vapor in gas phase in the fabric as shown in Figure 2 ) at different moments of time. Relative humidity in the outer layer of garment decreases significantly when exposure to flash fire starts and it increases in the latter layers. This indicates that the moisture vaporized in the outer layer moves towards the inside fabric layer and eventually into the air gap because of the temperature gradient as described in Figure 9 . At ~10 s, the model predicts minimum relative humidity in the fabric system; then the fabric system gradually regains its moisture. After the temperatures on the outer surface and the inner surface of the fabric become low enough, relative humidity starts growing back to its initial distribution.
In Figure 11 the distribution of fiber moisture regain in the fabric (bound water in the solid phase as shown in Figure 2 ) at different moments of time are investigated. Regain is defined as the ratio of the mass of absorbed water in the fiber to the mass of dry fiber. At the beginning the fiber in the fabric is in the state of equilibrium. Fiber regain in the fabric decreases during 4-s exposure to the flash fire and it continues to decrease until minimum values are achieved, which corresponds to equilibrium at those temperature and relative humidity conditions. If the cooling time is long enough, both fiber regain and moisture content in the fabric will go back to what they were at the initial state. Figure 12 presents distribution of vapor density in the multilayer fabric at different moments of time. Vapor density increases because temperature increases and causes the phase transition from bound water to water vapor. In addition, as the temperature gradient develops during exposure, moisture in the outer layer moves towards the inner layer and contributes to the change in vapor density. The calculated fabric weight per unit area during and after exposure is examined in Figure 13 . It shows that fabric weight decreases significantly during the first 20 s. This is mainly because when temperature increases, moisture (bound water) in the fiber vaporizes and moves into the air gap. This phenomenon relates well to the change in fiber moisture regain as shown in Figure 11 , which shows that minimum fiber moisture regain can be obtained after 20 s. Figure 14 presents the predicted change in relative humidity in the air gap during and after exposure. After 4-s exposure relative humidity drops significantly and reaches the minimum at ~10 s from the start of exposure. From Figure 9 the model predicts temperature change in the air gap and higher temperature can be observed at ~10 s. When temperature increases, saturation pressure also increases. Therefore, relative humidity in the air gap decreases even though the moisture content in the air gap increases.
Effects of Variations on Clothing Protective Performance
The three-layer skin model was used to predict the performance of a thermal protective fabric system in terms of skin burn. It was based on Henriques and Moritz's work, which shows that destruction of the tissue layer located at the epidermis/dermis interface in human skin starts when the tissue temperature of the basal layer rises above 44 °C [18] . The destruction rate can be modeled using a first-order chemical reaction, i.e.,
where Ω-quantitative measure of burn damage at the basal layer or at any depth in the dermis; P-frequency factor, s ; E-activation energy for skin, J/mol; R-universal gas constant, 8.315 J/kmol⋅K; T-absolute temperature at the basal layer or at any depth in the dermis, K; t-total time for which T is above 44 °C (317.15 K).
Integration of this equation yields Integration is performed from the time when the temperature of the basal layer of the skin, T, exceeds or equals 44 °C. Henriques found that if Ω ≤ 0.5, no damage will occur at the basal layer [18] . If Ω is 0.5-1.0, there will be firstdegree burns, whereas if Ω > 1.0, second-degree burns will result. The damage criteria can be applied to any depth of skin provided appropriate values of P and ∆E are used. Mathematically, a second-degree burn has been defined as Ω > 1.0 at the epidermis/dermis interface. Details about the structure of the skin model as well as the properties and parameters used for Henriques' burn integral are given in the Appendix on p. 106. Table 5 illustrates the prediction of protective performance for the three-layer clothing system with different sizes of the air gap. Table 1 lists the properties used in the numerical model. Minimum exposure time required to develop a seconddegree burn was predicted. The results show that with the typical air gap size of 0.00635 m (1/4 in.), minimum exposure time was predicted at 10.3 s under exposure to flash fire. For the selected air gap range of 1.59-6.35 mm, the model predicts a significant decrease in minimum exposure time when the size of the air gap decreases. As air is a good insulator, decreasing the size of the air gap will decrease the value of insulation provided by the air layer between the fabric and the skin. However, when the air gap was increased beyond 6.35 mm, no significant change in minimum exposure time was observed. This agrees with Song's [19] study that during exposure to a flash fire (84 kW/m 2 ) natural convection may occur in the air gap between the clothing and human skin (sensor). When the air gap is large, convection increases the amount of energy transferred to the skin. The effect of fiber density, conductivity, and capacity on the protective performance of clothing was investigated. As different fibers were used in shell fabrics and thermal liners, different ranges of values of properties were selected. Table 6 demonstrates the effect of a change in fiber density on the protective performance of clothing. The predictions were made by changing the fiber density in the numerical model while other parameters were the same as those employed in the model. The results showed that increasing fiber density of shell fabrics and thermal liners, improved thermal protective performance. In the model the effective density of the fabric was employed, which is a combination of the density of the fiber, moisture, and trapped air in the fabric. Therefore, a change in fiber density affects the effective density of the fabric. An increase in fabric effective density causes lower fabric thermal diffusivity, hence heat transfer in the fabric system slows down and consequently improved protective performance is predicted. A change in fiber conductivity and thermal capacity affects thermal protective performance as illustrated in Tables 7 and 8 . This was achieved by changing one parameter and leaving the others the same as in the numerical model. As described in the development of the model, the fabric was modeled as porous media and the system consisted of fiber, trapped air, and moisture. A large part of the insulation of the thermal liner was provided by the air trapped in the fabric. Therefore, change in fiber conductivity and specific heat capacity within a certain range did not significantly affect heat transfer as expected. The results obtained from the numerical model, as shown in Tables 7 and  8 , confirm this. However, the overall trend shows that increasing fiber conductivity affects heat flow in the system and causes skin temperature to rise faster. As a result, minimum exposure time decreases as fiber thermal conductivity increases. For fiber specific heat capacity, the model results indicate that minimum exposure time increases with an increase in fiber specific heat capacity. It should be noted that the model analysis does not include fiber decomposition reactions and its effect on heat and mass transfer. The results obtained from the numerical model suggest that the thickness of the fabric significantly affects its thermal protective performance. Table 9 reports on the thermal protective performance of fabric systems with different thickness of shell and thermal liners: an increase in fabric thickness significantly increases minimum exposure time. An increase in fabric thickness provides better insulation and when there is exposure, the temperature difference between the exposed and skin sides of the fabric increases. Additionally, during exposure, a thicker fabric normally stores more thermal energy than a thinner one; therefore, energy transfer to human skin (or a sensor) is lower.
The effects of the initial temperature of a fabric and of environmental conditions on the performance of protective clothing were examined using the numerical model. Table 10 lists the results of model predictions with different initial temperatures of a fabric; a clothing system can provide more protection if the initial temperature of the fabric is relatively low. Comparatively, when exposed to a thermal hazard, the fabric at a lower temperature will store more energy than a fabric system at a higher temperature and it will generate a slow temperature rise on the side of the skin. As a result, the fabric system will perform better. Moisture regain in the fiber changes both fiber conductivity and specific heat, and during intense thermal conditions a hot stream, which contributes to human skin burn, is generated. Table 11 shows that the effect of moisture on minimum exposure time is minor when fiber moisture regain is relatively low. When it is high, however, minimum exposure time is higher. , ∆E/R = 80 000 K.
